A preliminary study was conducted f o determine the f e a s i b i l i t y of using heat pipes i n a nuclear a i r c r a f t propulsion system. the sole transporter of heat. heat pipe systems were used. heat from the reactor. Another transferred the heat t o the a i r i n the j e t engine. Conceptural designs of t h e reactor, engine, and reactor t o e ine heat pipes a r e presented and the amount of U2% required f o r c r i t i c a l i t y i s estimated. a r e defined: wick pore size, wick thickness, heat pipe diameter and length, vapor flow area, a x i a l and r a d i a l heat flux; and temperatures of liquid, vapor, and s t r u c t u r a l materials. The factors t h a t l i m i t the heat pipe performance or d i c t a t e the design a r e identified. Design features t h a t s t r e t c h the state-of-the-art a r e pointed out.
INTRODUCTION
Many studies have been conducted where heat pipes a r e applied t o nuclear reactor cores or thermionic energy conversion devices. i e s indicate promising advantages i n efficiency, design simplification, and weight reduction.
These stud-A successful design of a nuclear a i r c r a f t propulsion system must meet a l l specifications of performance and safety at a minimum weight. pipes u t i l i z e d f o r removing core heat may reduce system weight by eliminating the need f o r heavy pumps and high pressure piping. In addition, the system r e l i a b i l i t y may be improved by the eliminat i o n of moving parts and the reduction of system temperature differences about the loop.
Heat
This paper presents a preliminary study of heat pipe ap l i c t i o n f o r nuclear a i r c r a f t propulsion syslemsa1,2a.
The purpose of t h i s study i s t o show the conceptual design features of a system which uses heat pipes f o r transferring of reactor core heat t o t h e engine heat exchangers.
In the powerplant design concept used as t h e basis f o r t h i s study, a single f a s t reactor located above the a i r c r a f t fuselage powers four j e t engines which a r e mounted below the a i r c r a f t wings. reactor an4 most of t h e radiation shield a r e completely enclosed by a containment vessel. vessel i s capable of absorbing impact forces due t o crash landings.
The This
Heat generated i n t h e reactor i s transferred t o many small diameter heat pipes which penetrate the reactor core. The heat i s then transferred from the reactor heat pipes t o four large diameter heat pipes, each of which extends between the r eactor and one j e t engine. A t the j e t engines, heat i s transferred from the large transport heat pipes t o compressor discharge a i r v i a an array of smalldiameter heat pipes s i m i l a r t o those of the react o r . Sodium w a s used as the f l u i d f o r a l l heat pipes.
*Nuclear Engineer.
1
The C5-A type a i r c r a f t , shown i n Fig. 1 , was used as a model f o r estimating elevations and distances between the components of the heat transport system. These components are shown i n Fig. 2 . They a r e a nuclear reactor, a reactor heat exchanger, an adiabatic heat transport pipe, and an engine heat exchanger. The nuclear reactor core is cylindrical. It consists of heat pipe f u e l elements surrounded by four-inch-thick side and end r e f l e c t o r s (see Fig. 3 ) . and tube. core i s surrounded by an annulus of f u e l which i n turn i s surrounded by cladding. This fueled port i o n covers about half of t h e active length of the heat pipe. The heat pipe f u e l elements a r e clust e r e d t i g h t l y such t h a t nominally zero spacing occurs between t h e i r outer diameters within the act i v e core region. The t o t a l heat generation r a t e i s 300 MW.
The heat pipes consist of a fluid, wick, The part of the heat pipe within the The heat pipes i n the core terminate i n the reactor heat exchanger j u s t outside of the end r ef l e c t o r . each handling 150 MW. Dual-wicked heat pipes with both external and internal wicks a r e used as shown i n Fig. 4 . The external wick extends i n t o the vapor space of the reactor heat exchanger and i s connected t o the wick which l i n e s t h e heat exchanger w a l l s . l i q u i d i n t h e core. The sodium vapor formed condenses i n t h e zone opposite t h e external wick. The heat of condensation which i s released causes t h e evaporation of sodium l i q u i d i n t h e external wick.
Two reactor heat exchangers a r e used, Reactor heat evaporates the sodium The sodium vapor formed i n each reactor heat exchanger t r a v e l s down two adiabatic heat transport pipes t o the heat exchangers which feed the inboard and outboard engines on one wing. pipe i s sized t o transport a thermal load of 75 MW.
The pipe t o the outboard engine is 100 f t long and Each TM X-52791
There
The adiabatic heat transport pipe w a l l and The engine heat exchanger configuration is shown i n Fig. 5 . Three cylindrical w a l l s divide the exchanger i n t o two flow passages. The inner wall permits passage of t h e engine shaft and also serves as the inner w a l l of the compressed air f l o w passage. The next cylindrical w a l l separates the compressed a i r flow passage from t h a t provided f o r sodium vapor. flow, and merges with t h e adiabatic heat transport pipe. r a d i a l l y across the sodium vapor i n t o t h e compressed air flow passage. on the outer wick of these heat pipes. The condens a t e then flows along t h e heat exchanger t o t h e adi a b a t i c heat transport pipe. Thus, a continuous path i s provided f o r t h e flow of sodium vapor from the reactor t o the j e t engines and f o r the flow of l i q u i d sodium (via the wick flow passage) from the engines t o t h e reactor.
The outer w a l l confines the vapor Dual-wicked heat pipes (see Fig. 4 
) extend

Sodium vapor condenses
The heat of condensation which i s released t o the r a d i a l heat pipes of t h e engine heat exchangers vaporizes sodium i n t h e inner pipe wicks of the dual wicked heat pipes. The vapor formed condenses i n the section of the heat pipes which l i e within the compressed air flow passage. The heat of condensation released at t h i s point i s transferred t o the compressed a i r stream which flows over the heat pipes.
The principal design c r i t e r i a f o r t h i s study a r e l i s t e d i n Table I . Liquid metal property data was obtained from Refs. 3 t o 6. The reactor power l e v e l i s 300 MW. This thermal power is s u f f i c i e n t for powering a i r c r a f t with gross weights of 1 , 000,000 l b .
REACTOR CORE
In designing the reactor core, t h e s i z e and t o t a l number of heat pipes required were calculated f i r s t . Then, using t h e specifications of Table 11 , the core diameter, f u e l element r a d i a l temperature gradient, f u e l loading, and enrichment were calculated.
Design of Heat Pipes Within the Core
The core heat pipes a r e closed tubes whose i nt e r n a l surfaces are l i n e d with a porous structure called the 'capillary wick. The pores of the wick are f i l l e d with a liquid, whose vapor occupies t h e remaining i n t e r n a l volume. The heat generated i n the f u e l (Fig. 3) i s conducted across the heat pipe w a l l and wick t o the liquid-vapor interface, along t h e tube t o a region where heat is being removed from the outer surface of the heat pipe, whereupon the vapor condenses a t the liquid-vapor interface. The condensate formed then t r a v e l s through the wick t o the heat addition zone, where it once again evaporates.
All of t h e heat pipes i n t h e heat pipe heat transport system u t i l i z e a two-layer wick, consisting of a l i q u i d flow annulus next t o the tube wall and a porous sheet between the l i q u i d flow annulus and the internal vapor space.
2
The maximum r a t e a t which heat may be transported through a heat pipe i s called t h e heat transport capacity. a function of various relationships. These funct i o n a l relationships may be described i n t e r m s of f i v e heat transport l i m i t s ; t h e sonic l i m i t , isothermal l i m i t , entrainment l i m i t , boiling l i m i t and capillary pumping l i m i t . The heat transport capaci t y of a given heat pipe under given operating conditions w i l l be equal t o the lowest heat transport l i m i t corresponding t o these conditions. For t h e core heat pipes, the e n t r a i m e n t l i m i t was the prime li,miting design consideration. Entrainment l i m i t i s reached when the high velocity vapor flowing over the l i q u i d disrupts t h e liquid-vapor interface and entrains l i q u i d i n the vapor.
The heat transport capacity is The t o t a l heat pipe cross-sectional area should be as small as possible t o minimize t h e volume of void and nonfissile material i n t h e reactor core. The heat pipe f l u i d selected, therefore, must be the highest heat transport capacity per unit cross-sectional area of f l u i d and vapor. Since the vapor space occupies most of t h e crosssectional area i n a two layer wick heat pipe, t h e a x i a l heat f l u x based on vapor space area i s used f o r t h e evaluation of heat pipe f l u i d s .
The heat transport capacity, based on the en- vapor space diameter across t h e sodium annulus per u n i t of thickness AT/ta, t h e heat transport r a t e per heat pipe and the number of heat pipes needed f o r removal of reactor-generated heat N. I n Fig. 7 q, AT/ta, Q, and N/2 a r e plotted as a function of t h e surface heat flux qs f o r a reactor thermal power of 300 MW, sodium heat pipes a t 1900° F, and evaporat o r (in-core) length of 15 in., and a wick pore diameter of 2 microns. t i o n was assumed t o be flat. Figure 7 indicates that operation at a surface heat flux of about 4 kW/in.2 would require 800 heat pipes with a vapor space diameter of 1.1 i n . f o r each half of t h e reactor core. The thermal power r a t i n g per heat pipe would be 205 k W (assuming an a x i a l heat flux l i m i t of 220 kW/in.2), and the temperature drop across the annulus would be 5.5'F/ m i l . This temperature drop, however, was considered t o be excessive. The annular gap thickness was expected t o be on the order of 10 mils and the temperature drop across .the annulus would be encountered a t both the heat input and output regions of the heat pipes.
(The f i n a l operating temperature was Heat pipe parameters of i n t e r e s t include the q, the temperature drop
Q,
The reactor power distribuTherefore, the decision was made t o use A vapor space diameter of 0.5 in.
A t o t a l of 3700 of these heat pipes smaller diameter heat pipes a t the expense of a larger number. was selecteg, f o r which t h e surface heat flux i s 1.85 kW/in. . are required f o r each half of the reactor core, each heat pipe being rated a t 45 kW. The t o t a l vapor space cross-sectional area of the heat pipes i n each half of t h e core i s then 4.8f'tz, and the temperature drop across the sodium annulus i s 2.5' F/mil.
A preliminary estimate of the core diameter indicated that 3700 tubes would result i n a core diameter i n excess of 45 in. Therefore, a s i g n i f icant increase i n the a x i a l heat f l u x was necessary. The increase was accomplished by (1) increasing the heat pipe temperature t o 2000° F, and (2) using t h e higher of the two values f o r t h e entrainment l i m i t (Eq. (2)). The r e s u l t was a maximum allowable a x i a l heat f l u x of 307 kW/in.2 a t a 0.5 in. diame t e r vapor space and an in-core length of 20 in. The t o t a l number of heat pipes using an average power l e v e l of 279 kWIin.2 was then 2740 f o r onehalf of the core or 5480 f o r t h e e n t i r e core. The f i n a l step f o r sizing t h e heat pipes was the determination of t h e overall heat pipe diameter. This diameter i s comprised of the vapor space diameter, wick thickness, the l i q u i d annular thickness, and the heat pipe w a l l thickness. As indicated above, a vapor space diameter of 0.5 i n .
was specified. A thickness of 5 mils was a r b i t r a ri l y selected f o r the porous wick adjacent t o the vapor space. The annular l i q u i d thickness was calculated t o be approximately 10 mils. The heat pipe w a l l was sized at 33 mils. Then the outer diameter of the heat pipe is equal t o 0.596 in. The active core diameter i s dependent upon the number of heat pipes, f u e l thickness, and cladding thickness. have been assumed (Table 11) t h e core diameter has i n e f f e c t been dictated by the 2740 required tubes/ half core.
Since the f u e l and cladding thickness Figure 8 presents the proposed design of t h e heat pipe f u e l element. c e l l ma^ be calculated as follows:
The area of t h i s hexagonal (4) where Sr i s t h e radial spacidg between heat pipes and r6 i s t h e radius as shown i n Fig. 8 . Multiplying Eq. (4) by t h e number of heat pipes N gives the active core area i f t h e scallops of t h e outer perimeter are neglected.
From Eq. (5) the d i y e t e r of t h e core i s I n terms of f u e l thickness tf and cladding thickness tC,, Eq. (6) becomes -dm N(2r4 + Z t f + 2 t c l + Sr)' (7) Dc&e -x Finally, f o r an assumed tcl of 0.035 in., an assumed tf of 0.075 in., a Sr of 0, and 2740 tubes, the core diameter i s 45 in. This value meets t h e maximum core diameter design specification. A smaller core diameter could be obtained by reducing t h e clad and/or f u e l thickness or by making t h e f u e l cross sectional geometry hexagonal instead of circular.
Heat Pipe Fuel Element Radial Temperature Gradient
The heat removed by t h e heat pipes is generated i n the UN f u e l surrounding t h e heat pipe. , This i n t e r n a l heat generation and resultant radial flux r e s u l t s i n a r a d i a l temperature gradient through the heat pipe w a l l and f u e l . t u r e gradient e x i s t s i n t h e cladding since no heat is transferred.
No tempera-
The t o t a l temDerature nradient from t h e fuel outer w a l l t o t h e heat pipe-inner w a l l i s f r i 7 r:)] + 2rg ln(rg/rq)
and r5 a r e t h e r a d i i as shown i n ;tEe8,'% r$L t h e i n t e r n a l heat generation rate, Kf K c l i s t h e thermal conductivity of the f u e l and is the thermal conductivity of the clad.
A radial heat f l u x of O.88X1O6 Btulhr-ft' r esults i n a AT of 200' .
For a maximum heat pipe vapor temperature of 2000° F the r e s u l t a n t clad temperature i s 2 2 0 0~ F.
For TZM a t ZZOOo F the 10,000 hr creep-rupture s t r e s s i s about 10,000 p s i . Since, the clad has no thermal gradients (no heat i s l o s t r a d i a l l y outward) i t s s t r e s s e s would be limited t o that of f u e l swelling, fuel growth, etc. The operating temperature and allowable stresses, therefore, w e r e considered as acceptable.
The output of t h e t r a n s - In Table IV the diameter of the heat pipe cooled f a s t core i s compared with t h e diameters of a l i q u i d sodium cooled f a s t core and a helium cooled thermal core. The cores were all designed = 157 kg f o r t h e same power l e v e l and operating lifetime. 
ciently t o r a i s e the,burnup t o 19, t h e core diam-
e t e r could be reduced t o 39 in. The core K m of 1.1 would then be maintained by an increase i n the f u e l enrichment t o o f f s e t the reduction i n t h e t o t a l f u e l loading.
The scope of t h i s study did not include the design of control rods o r drums. The calculated boundary neutron flux and radial leakage however, indicate t h a t control drums would be d i f f i c u l t t o apply. Therefore, a more optimized design should endeavor t o f l a t t e n t h e r a d i a l power distribution, reduce the core diameter, or incorporate poison heat pipe tubes within t h e core.
A reactor heat exchanger enclosure i s shown i n Fig. 1 1 . The condensing, dual-wicked sections of the reactor heat pipes extend from the reactor face i n t o t h e cylindrical section. The i n t e r i o r w a l l s a r e l i n e d with a two-layer wick consisting of a 0.300 in. t h i c k l i q u i d sodium flow channel and a 30 mil thick TZM wick of 30$ porosity. sure wick i s connected with t h e external wicks of the heat pipes, so that l i q u i d sodium can flow f r e e l y i n t o t h e external wicks of the reactor heat pipes (see Fig. 12 ).
The enclo-
The reactor heat exchanger has two e x i t flow
The cross-sectional area of passages, each of which connects t o an adiabatic heat transport pipe. the vapor space i n e w h rectangular e x i t section i s the same as t h a t of the adiabatic heat transport pipe t o which it connects. add 7.80 in. t o t h e heat exchanger length. The t o t a l distance from the center plane of t h e reactor core t o the end of one reactor heat exchanger i s 47.2 in.
The e x i t flow passages
The enclosure w a l l s a r e fabricated from TZM.
(Tantalum alloys may be preferable.) surface i s clad with an oxidation-resistant alloy such a s Udimet 500. The w a l l thickness of 0.238 in. was established from buckling rather than s t r e s s considerations. This thickness i s required t o prevent crushing of t h e enclosure w a l l s by atmospheric pressure when the system i s cold and the internal pressure of t h e sodium vapor is negligible. The outer A s Fig. 1 2 shows, the outer wick of t h e heat pipes consists of a 1 2 mil thick l i q u i d sodium annulus which i s surrounded b y a 5 m i l t h i c k sheet of TZM with 3 6 porosity. Since t h e section of heat pipe w a l l within t h e heat exchanger enclosure does not have Do support any load of significance (the i n t e r n a l and external pressures axe almost t h e same), t h e thickness of t h e externally wicked w a l l was reduced t o 16 mils. The overall diameter i s then 0.596 in. over t h e e n t i r e heat pipe length.
The design of the i n t e r n a l heat pipe wick was based on a t o t a l heat pipe length of 48 i n . , which included a 7 in. adiabatic section and a 2 1 in. condensing length. reactor containment vessel resulted i n specificat i o n of a t o t a l heat pipe length of 39 in., including a 4 in. adiabatic section and a 15 in. condensing section.
would permit the use of a thinner i n t e r n a l l i q u i d sodium flow passage, the originally calculated thickness of 1 0 mils was retained.
Space limitations within the While t h e shorter heat pipe length
The surface heat f l u x i n the condensing sect i o n of t h e heat pipes (which l i e within t h e react o r heat exchangers) i s 33$ greater than t h a t i n t h e evaporator section which l i e s within the react o r core. The temperature drop between the i n t e rnal heat pipe vapor i n the condensing section and the reactor heat exchanger yapor outside the ext e r n a l heat pipe wicks is llOo F f o r t h e highest power heat pipe. For t h e average heat pipe, t h e temperature drop i s 100° F. ature drop i n the internal vapor along t h e heat pipe length i s 1 0 ' F.
The estimated temper-
ADIAEATIC F!E%T WSPORT P I P E
The adiabatic heat transport pipes leading t o t h e outboard engines were designed first. design was then used f o r the inboard pipes, from This i s l a r g e r than t h e wick pore diameter of 1.5 microns which was specified for design purposes.
I n t h e reactor heat pipe of average thermal load, t h e temperature drop through t h e external wick i s 44' F.
+
44 = 1934' F. The sodium vapor pressure a t t h i s temperature i s 54 psi, and t h e difference between t h e vapor and l i q u i d pressures i s 54 -8.6 = 45.4 p s i . It can be shown t h a t boiling a t t h e external surface (outer surface of the outer wick) w i l l be suppressed only if t h e nucleation s i t e d iameter does not exceed 1.27 m i rons. Data and equations developed by Chen(llY indicate t h a t the absence of nucleation sites with diameters l a r g e r than 1.27 microns can be, insured. It i s accomplished by pressurizing t h e adiabatic heat transport pipe t o 50 p s i or more with subcooled l i q u i d sodium prior t o operation.
A wick
The temperature a t the w a l l i s then
The above discussion indicates t h a t an adiabatic heat transport pipe with a vapor space diame t e r of 20 i n . and a l i q u i d sodium annulus thickness of 0.752 i n . represents a viable design, i f the pore diameter of t h e porous sheet which l i n e s t h e i n t e r i o r i s 1.5 microns.
ENGINE €LEAT EXCHANGE%
The principal heat exchanger design factors exchanger dimenwhich were determined include: sions, heat pipe temperatures, and the heat transport capability of t h e r a d i a l heat pipes.
Exchanger Dimensions
The heat exchanger geometric parameters are shown i n Fig. 16 . The engine shaft passes through t h e inner cylinder of radius r. Compressor discharge a i r flows through t h e inner annulus of width 2, (the heat pipe condensing length). Sodium vapor from the adiabatic heat transport pipe flows c i rcumferentially through t h e outer annulus of width 1, (the heat pipe evaporating length).
heat pipes of diameter d a r e arranged i n n rows, one diameter apart, along t h e heat exchanger length L. There a r e n heat pipes per row. The heat pipes i n adjacent rows a r e staggered. The mean spacing between the r a d i a l heat pipes i n a given row is q a d i n the air annulus and q v d i n the vapor flow annulus.
The r a d i a l
The radius r was determined t o be 7.0 in. upon application of the design c r i t e r i o n t h a t the cross-sectional area of t h e engine shaft should not exceed 1/16 the cross-sectional area of t h e compressor (which had a specified diameter of 4.74 f t ) .
Dimensions of the air flow passage were determined from parametric studies of t h e heat t r a n s f e r r a t e between t h e surface of constant temperature
The constant temperature used i n the analysis therefore represents a mean of t h e heat pipe surface temperature variation along t h e heat exchanger length. The analysis was carried out i n accordance with the methods of R e f . 12.
Ac-
The vapor flow annulus was sized on the basis This must be kept within reasonable bounds of t h e f r i c t i o n a l pressure drop i n the sodium vapor. i n order not t o exceed the capillary pumping capab i l i t y of the adiabatic heat transport pipe. The pressure drop analysis i s similar t o that f o r t h e compressed air, but taking i n t o account the f a c t t h a t t h e flowing f l u i d is a condensing vapor i nstead of a gas, which s p l i t s i n half upon entering t h e heat exchanger, with each half traveling a d i stance equal t o one-half the exchanger circumference before being completely condensed. Calculations were carried out f o r an assumed heat pipe surface temperature of 1820' F i n the a i r annulus. The temperatwe of sodium vapor entering the vapor annulus of the heat exchanger was taken t o be 1860° F.
The r e s u l t s of t h e calculations a r e presented i n internal. pressure during n o r m operation ( i . e., the sodium vapor pressure) and $0 external pressure from t h e atmosphere when the nuclear propulsion system i s not operative and i s r e l a t i v e l y cool.
(The sodium vapor pressure, and hence t h e i n t e r n a l pressure, i s then negligible.) The latter condit i o n results i n t h e most severe design condition, and requires a s h e l l thickness of 0.456 in. t o prevent buckling of the outer s h e l l by external atmospheric pressure.
The inner s h e l l of t h e vapor annulus is a l s o fabricated from TZM, and is clad with a few mils of an oxidation-resistant alloy on t h e inner, a i r exposed surface. The inner s h e l l i s not subjected t o external buckling pressures when cold, and hence was designed on t h e basis of t e n s i l e s t r e s s a r i s i n g from i n t e r n a l pressure. cepts, the j e t engines a r e powered by chemical combustors during takeoff and landing. When t h e engines a r e operating on chemical fuel, compressor discharge air flows through t h e inactive engine heat exchangers prior t o entering t h e combustors. Engine &changer Heat Pipes I n current design con-
The required s h e l l
The dimensions of t h e engine exchanger heat pipes a r e shown i n Fig. 18 . The i n t e r n a l and ext e r n a l wicks are f i l l e d with l i q u i d sodium. The external wick is fabricated from TZ24 with 3% porosity. The heat pipe w a l l and t h e i n t e r n a l wick with 3% porosity a r e fabricated from U d i m e t 500, a fabricable a l l o y with good oxidation resistance a t contemplated operating. temperatures. The external presThe average surface heat f l u x based on the mean thickness of t h e heat pipe w a l l i s 0.413 kW/in.2 i n t h e vapor annulus and 0.226 kW/in.2 i n the a i r annulus. heat pipe w a l l and wick i s then calculated t o be 35' F i n the vapor annulus and 14' F i n t h e a i r annulus. vapor annulus i s 1860' F, the vapor temperature inside the heat pipes is 1825O F. r e l a t i v e l y small vapor temperature drop along t h e heat pipe length, the heat pipe surface temperature i n the a i r anndus i s then 1811' F. A mean surface temperature of 1820' F had been assumed i n the calculations f o r determining the engine heat exchanger dimensions.
The temperature drop through the Since t h e sodium vapor temperature i n the
Neglecting t h e
The capability of the engine exchanger heat pipe t o handle t h e required heat loads w i l l now be examined. The coldest heat pipes a r e located a t the air inlet of t h e engine heat exchanger. Since the difference between the surface and a i r temperatures i s a maximum at t h e air i n l e t , as indicated qualitatively i n Fig. 19 , t h e coldest heat pipes also carry t h e l a r g e s t heat load. Since the heat transport capacity of a heat pipe generally decreases with a decrease i n temperature, t h e capab i l i t y of the coldest heat pipe t o carry the i mposed heat loads must be established. 
